After injury, the adult mammalian central nervous system (CNS) lacks long-distance axon 22 regeneration. This review discusses the similarities and differences of sensory and motor 23 neurons, seeking to understand how to achieve functional sensory and motor regeneration. As 24 these two types of neurons respond differently to axotomy, growth environment and 25 treatment, the future challenge will be on how to achieve full recovery in a way that allows 26 regeneration of both types of fibers simultaneously. 27 28 42 43
INTRODUCTION
After spinal cord injury (SCI), long-distance axon regeneration in the adult mammalian CNS 30 is a challenging task. There is a vast diversity of axonal tracts in the spinal cord that need to 31 grow for long distances and contact appropriate targets. This review compares the 32 regenerative responses of sensory and motor neurons, focusing particularly on their 33 differences and on what this teaches us about regeneration. The morphology and behaviour of an axon depends on the molecules it contains. For highly 139 polarised neurons such as motor neurons, selective axonal transport is required to maintain 140 polarity [36] . Regeneration is inhibited if molecules required for growth are selectively 141 excluded. We have studied the integrin transmembrane receptors because of their role in 142 promoting long-distance functional axon regeneration in the CNS [37, 38] . Upon ligand 143 binding and activation, integrin signalling has widespread effects ranging from short-term 144 effects such as cell adhesion and mobility, to long-term effects such as proliferation and 145 differentiation which may include changes in gene expression [39] . In sensory neurons, 146 integrin can promote extensive axon regeneration: α9 integrin in conjunction with an integrin 147 activator kindlin-1 promotes long-distance (25 mm) functional sensory axon regeneration in a 148 growth-inhibitory CSPG and tenascin-environment [38] . However as adult CST motor 149 neurons mature, integrins are selectively excluded from axons [40, 41] , along with two other 150 potentially regeneration-promoting receptors trkB and IGFR [42, 43] . This demonstrates a 151 key difference between sensory and motor axons: in sensory neurons most expressed 152 9 molecules enter the axons, while in motor axons many growth-promoting molecules are 153 excluded. Apart from transport differences, sensory and motor neurons express different 154 integrins leading to different integrin-binding substrate preferences at early postnatal stages 155 [44], further demonstrating the intrinsic differences between these neurons. Having said that, 156 an important and unresolved question is the extent to which the local translation of axonal 157 mRNAs, which is so important for sensory axon regeneration and the conditioning effect, 158 also occurs in motor axons. There is evidence for some RNAs in CNS axons, but nothing is 159 known about ribosomes in mature axons.
161
It is worth noting that currently there is only a limited number of studies that directly address 162 the intrinsic molecular differences between sensory and motor neurons for regeneration. In shown to be a potential therapeutic tool to promote axon regeneration after injury as they 173 serve as growth-promoting and guidance molecules [45, 46] . In a NF-embedded collagen 174 matrix, sensory neurons showed a higher growth capacity than motor neurons [47] . The same study also revealed that NGF has specific effects on sensory outgrowth, while BDNF on 176 motor outgrowth, and GDNF enhances regeneration of both neurons. Having said that, 177 experimental issues such as different quantification approaches, the age and type of neurons 178 used across different studies can affect the results greatly, leading to inconsistencies in the although the main effect on CST axons is sprouting rather than regeneration [54, 55] .
210
Additionally, nerve injury also induces the expression of another family of ECM molecules, In an early study where a NGF-secreting fibroblast graft was transplanted into the lesion 234 cavity, ingrowth of diverse sensory fibres was observed three months after injury [59] . In 235 13 contrast, a lesser amount of ingrowth was observed in grafted uninjured animals, indicating 236 that the injury upregulates responsiveness. In another closely-related study, NGF-graft 237 transplantation was performed in a chronic model and similar results were reported [60] . 238 These studies illustrate that sensory and motor neurons can be stimulated to re-grow and that it was inconclusive if the reported effect was due to a direct effect of LIF or via NT-3, or 254 both. As compared to other axons, regenerating CST axons did not penetrate the graft but 255 grew through the grey matter, indicating that the inhibitory environment of the scar might be 256 more averse to CST axons than to other fibres and it could make CST growth more 257 challenging to detect. Furthermore, these studies illustrate that it is crucial how NFs are 258 delivered; while a single injection did not result in growth of CST axons, grafting of NT3-259 secreting fibroblasts did. NT-3 also promotes regeneration of sensory fibres such as the trkC-expressing proprioceptive 262 axons [69] . In a conditional lesioning study, the sciatic nerve was transected one week before 263 injury with a piece of the distal stump collected and pre-degenerated before grafting [70] . At 264 the time of injury, an osmotic minipump containing β-NGF, BDNF, NT-3, or a mixture of 265 these was implanted and infused for two weeks. Only the NT3-treated animals showed 266 sensory fibres of up to 3 mm into the distal tissue originating from the injured sciatic nerve.
267
Infusion from osmotic minipumps presumably sets up a gradient of neurotrophins enabling 268 sensory fibres to grow beyond the graft. This suggests that it is not just the graft/host barrier 269 that prevents growth. In another study delivering BDNF, GDNF or NT-3 for four weeks, the 270 lesion appeared more extensive in GDNF-treated animals with fibres growing around the 271 lesion, but not into or beyond [71] . In NT-3-treated animals, an abundance of fibres sprouted 272 at the lesion site with many fine fibres growing into and beyond (4 mm) the lesion. However, 273 the fibres did not grow in a directed or aligned manner. In BDNF-treated animals, the fibres 274 ascended in the gracile fasciculus and stopped at the lesion site. This is an unexpected result 275 since it has been shown by others that BDNF-secreting fibroblast grafts result in ingrowth of 276 sensory fibres into the graft [62], illustrating again how different studies will lead to different 277 conclusions mainly due to experimental setup rather than true differences in regenerative 278 potential.
280
In summary, sensory and motor fibres respond to grafts containing NFs. The differences 281 observed could be partly due to differential expression of receptors or experimental setups.
282
However, there is no bias towards sensory or motor neuron regeneration. Intrinsic and extrinsic differences contribute to the differential regenerative abilities of 285 sensory and motor neurons which are of different developmental origins and prefer different 286 environments for growth and functioning. Both fibres respond to growth-promoting 287 treatments to different degrees after injury. Upper motor neurons, such as the CST, are 288 clearly the most challenging tracts for regeneration. The future challenge will be on how to 289 achieve SCI recovery in a way that allows regeneration of both types of fibers simultaneously.
290
Deeper understanding of the conditioning effect might allow us to understand successful 291 regeneration and give us tools to manipulate upper motor neuron tracts for better regeneration.
292
Local translation and expression of RAGs in injured CNS axons are promising approaches.
293
Even though specific mechanisms, such as conditioning lesioning, axonal transport and local 294 translation are better understood in sensory neurons, neither sensory nor motor neuron 295 regeneration is to date in a satisfactory functional way. It is very likely that a combinatorial 296 strategy is required to promote a diversity of injured axons to regenerate after SCI. 
